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Magnetic relaxation is ubiquitous in magnetic materials, and elucidation of the underlying
mechanisms is important for achieving reliable device operations. Here, we systematically investigate
the magnetic relaxation in compressively strained La0.7Sr0.3MnO3 thin films. Upon the removal of
external magnetic field, the slow time-dependent increase of in-plane magnetization is correlated with
the break-up of magnetic domains and the emergence of additional domain walls, whereas a reduction
of magnetization for the initial short period dominates the magnetic relaxation at lower temperatures in
thinner films. These relaxation effects underline the importance of domain dynamics in the properties
of magnetic thin films. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4733320]
External magnetic agitation to a ferromagnetic material
can result in deviation of the magnetization vector from its
equilibrium position. Upon releasing the external magnetic
field, the system tends to relax back to its ground state, a pro-
cess widely known as magnetic relaxation. The investigation
of magnetic relaxation can be traced back to the study of
time-dependent magnetic properties of monodomain magnetic
particles in 1950s.1,2 A thorough understanding of such a relax-
ation process can be crucial for achieving reliable operation of
data storage devices where the stability of the magnetization
vector and the distribution of relaxation time must be consid-
ered and understood.3 Furthermore, the relaxation mechanism
can be associated with the time-dependent reconfiguration of
magnetic domains,4 which may help shed light on the physics
behind the domain wall (DW) dynamics in magnetic materials.
Perovskite manganites have attained a lot of attention as
these materials exhibit fascinating properties such as half
metallicity, colossal magnetoresistance (CMR), and high Cu-
rie temperature (Tc),
5–7 and they also have potential applica-
tions in solid oxide fuel cells and resistive switching memory
devices.8–11 Sirena et al. explored the time dependent physi-
cal properties of La0.6Sr0.4MnO3 films and suggested that the
relaxation process consists of a logarithmic and an exponen-
tial terms acting in series, which indicates the presence of
both single energy barrier and distributed energy barrier for
magnetization switching.12 Later, Deac et al. reported both
ferromagnetic domain reorientation and phase transformation
from ferromagnetic to non-ferromagnetic state as the under-
lying mechanisms for magnetization and resistivity relaxa-
tion in La0.25Pr0.375Ca0.375MnO3 films.
13 Similar relaxation
phenomena were also reported in La1xCaxMnO3 films
where domain wall displacement and spin disorder were sug-
gested to be the responsible mechanism.14,15
Most of the prior studies on relaxation mechanism in
manganites depicted the time dependence of magnetization
by interpreting superconducting quantum interference
device (SQUID) magnetometer and transport measurement
data.12–15 However, direct imaging of magnetic domains has
been lacking in the literature so far, and there is a need for
elucidating the magnetic relaxation process from the micro-
scopic perspective of magnetic domains. Furthermore, there
has been no systematic study on the dependence of magnetic
relaxation in compressively strained manganite films on the
film thickness and measurement temperatures.
Here, by using complementary techniques of magnetic
force microscopy (MFM) and SQUID, we investigated the
magnetic relaxation in compressively strained La0.7Sr0.3MnO3
(LSMO) films from both microscopic and macroscopic per-
spectives. The results suggest that the dynamic evolution of
magnetic domains in manganite films can be correlated with
the time dependent data of magnetization and resistance. Fur-
thermore, our data suggest that the behavior of magnetic
relaxation in manganite films is quite rich: a fast decrease of
magnetization upon the removal of external magnetic field
can be related to the rotation of magnetization vector, while
the gradual increase afterwards on the time scale of minutes
even hours appears to be a result of the slow dynamics of
magnetic DWs. Overall, the magnitude of magnetization
relaxation in manganite films is a non-monotonous function
of film thickness, and the process becomes much slower at
low temperatures.
A series of LSMO films with the thickness ranging from
50 to 325 nm were grown on (100) LaAlO3 (LAO) substrates
in a pulsed laser deposition system. The details of film deposi-
tion and structural characterization are similar to our previous
reports.16–19 The magnetic domain of the LSMO films were
imaged at room temperature using MFM.20,21 The structural
studies confirmed that all the LSMO films were coherently
grown on the LAO substrates. Because the lattice constant of
LAO (0.378 nm) is smaller than that of LSMO (0.388 nm), the
LSMO films are compressively strained (the detailed thickness-
dependent lattice constants can be found in Ref. 20).
Before starting the magnetization and resistance relaxa-
tion measurements, a 6000 Oe in-plane magnetic field gener-
ated by an electromagnet was applied for 5 min along the
film plane, and then the field was gradually reduced to zeroa)Electronic mail: tomwu@ntu.edu.sg.
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(t¼ 0) at a rate of 3000 Oe/min. Imaging a typical area of
1 lm 1 lm by MFM takes approximately 4 mins. Further-
more, the film surface morphology was checked by atomic
force microscopy (AFM) and scanning electron microscopy.
The time-dependent magnetization and resistance data were
recorded by SQUID and four-probe resistivity measurement
setup, respectively. To confirm the accuracy and validity of
the magnetization data, we repeated each SQUID measure-
ment several times by using different settling times between
data points and found the magnitude of the relaxation to be
independent of such measurement parameters.
Figs. 1(a)–1(c) show three typical MFM images taken at
the same position on a LSMO film with a thickness of
135 nm at zero field subsequently at t¼ 5, 70, and 130 min
after the removal of the external magnetic field. It has been
well established that the compressively strained LSMO films
with the appropriate thickness exhibit the out-of-plane
magnetic domains which can be readily observed by
MFM.20,22–24 Because the initial applied field is along the Y
direction which is also the (010) crystalline axis determined
by the glancing-angle x-ray diffraction experiment, the stripe
domains are predominantly aligned along the same direction.
After turning off the field, DWs tend to redistribute them-
selves towards a lower energy state, and this relaxation pro-
cess can be slow enough to allow the MFM imaging.25 The
intricate combination of thermal agitation and complex com-
petition between the exchange interaction and the dipole-
dipole interaction eventually leads the DWs to form mostly
perpendicular to the magnetic stripes and break the continu-
ity of the stripe domains. The energy barrier for break-ups of
magnetic domains can be quite small. This is similar to the
other physical processes in manganites which are character-
ized by small energy scales, contributing to the complex
phase diagrams and magnetic properties of manganites.26
One example of the time-dependent creation of DWs is high-
lighted in the square area in Figs. 1(a)–1(c).
As the newly created DWs during the relaxation process
are observed to align perpendicular to the initial DW direc-
tion, to measure the resulting resistance change, we passed
the current along the Y direction and recorded a slow
increase in the sample resistance with time. It is well known
that the resistivity of DWs in manganites can be several
orders larger than that of the traditional 3d transition metals
such as Co.27,28 Wu et al. showed that highly resistive DWs
in a LSMO film with stripe domains significantly affect the
current flow.28 Similarly, in our samples, as the current flows
in the Y direction, the newly created DWs act as scattering
centers for the carriers, resulting in an increase of the overall
resistance (Fig. 1(d)).
Now let us focus on the effect of magnetic domain
relaxation on the time-dependent magnetization measured in
LSMO films (Fig. 2). On the scale of hours, the in-plane
magnetization along the Y axis for all samples increases
with time, behaving similarly to the resistance relaxation; it
does not saturate within our experimental time window
(2.5 h), suggesting a very slow magnetic evolution process.
The enhancement of Y-axis magnetization can be explained
if we consider the microscopic structure of the DW. For the
films with perpendicular anisotropy and stripe domains, the
landscape of DW magnetization can vary locally and the
DWs at the film surface is most likely the Néel type.29 As
shown in Fig. 1(c), the magnetization vector in the Néel wall
gradually rotates in the YZ plane, producing a net magnet-
ization component along the Y axis. As more DWs appear
with time, the magnetic moment along Y direction also
FIG. 1. MFM images (taken at the same place) of the 135 nm LSMO film at
(a) 5, (b) 70, and (c) 130 min after the external magnetic field (applied along
the Y direction) was switched off. The scan size is 1 lm 1 lm. The marked
square highlights one particular case of the emergence of additional domain
walls. The configurations of the DWs are shown in the schematics on the
right side of the MFM images. Note that the coordinates of the schematics
are different from those of the MFM images for clarity. (d) Increase of re-
sistance with time as a result of the enhanced scattering of electrons at DWs.
FIG. 2. Time dependence of in-plane magnetization measured at 300 K for
(a) 50, 95, 105, and 117 nm and (b) 135, 195, 254, and 325 nm LSMO films.
The solid lines are logarithmic fittings to the magnetization relaxation data.
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increases. The magnetization relaxation data can be well-
fitted with the logarithmic model MðtÞ ¼ M0 þ S  lnðtÞ,
where Mo and S are the initial magnetization and the coeffi-
cient of magnetic viscosity, respectively.30–32 This implies
that instead of a single energy barrier, a distribution of the
barrier energy is more appropriate to describe the thermally
activated magnetization evolution in the LSMO films.33
An interesting feature of the time-dependent magnetiza-
tion data shown in Fig. 2 is the initial reduction of the mag-
netization over a short time period (120 s) observed in the
50 nm LSMO film. Such an effect has not been reported in
manganite thin films before. This initial decrease of magnet-
ization is more prominent in the 50 nm sample than the
thicker ones. This behavior can be explained by the immedi-
ate formation of magnetic domains with out-of-plane mag-
netization upon the removal of applied magnetic field. Due
to the compressive-strain-induced perpendicular anisotropy,
the local magnetization in domains quickly rotates from the
in-plane to the out-of-plane direction, causing an initial
reduction of the magnetization in the in-plane Y direction.
For the thinnest sample, the shape anisotropy, which favors
the magnetization to lie in-plane, is the strongest. This in-
plane anisotropy may slow down the initial rotation of the
magnetization vector in the thinner films, making the phe-
nomenon observable. On the other hand, this rotation of
magnetization can be much faster in the thicker films as a
result of weaker magnetic anisotropy, which makes this ini-
tial change of magnetization invisible in the “slow” SQUID
measurements.
In previous studies, magnetic relaxation in LSMO films
was reported to be more prominent in thinner samples than
the thicker counterparts.12 Indeed, the thinnest LSMO film
(50 nm) exhibits the most significant magnetic relaxation
according to our SQUID results (Fig. 2(a)); an increase of
2.95% in magnetization was observed during the SQUID
measurement of 150 min. But, overall our measurements
clearly show that the magnitude of the magnetization relaxa-
tion is a non-monotonous function of thickness. The ratio
Mðt ¼ 150 minÞ=M0 decreases initially with the increasing
film thickness up to 117 nm, but the trend reverses above
135 nm (Fig. 3(a)). As we discuss in the following, such a
non-monotonic behavior could be a manifestation of two
competing factors, i.e., the energy barrier height for the DW
motion and the number of created DWs.
The energy barrier for the DW pinning is correlated to
the grain size: the geometric boundaries between grains can
work effectively as pinning centers for magnetic domains.
By performing the fast Fourier transformation on the AFM
images (insets in Fig. 3(b) are the images taken on the 50
and 325 nm samples) and analyzing the power spectral den-
sity of the transformed images, we determined the average
grain size for LSMO films with different thicknesses. As
shown in Fig. 3(b), the grain size gradually increases from
28 nm to 67 nm as the film thickness increases from 50 to
325 nm. The micromagnetic theory suggests that above the
exchange length L0 ¼
ffiffiffiffiffiffiffiffiffi
A=K
p
, the coercivity scales inversely
with the grain size.34 For LSMO, using the standard parame-
ters found in literature,35,36 i.e., the exchange stiffness
A¼ 1:73 1012 J/m and the anisotropy constant K ¼ 8:4
103 J/m3, this threshold thickness is estimated to be
approximately 14 nm, which is smaller than the thickness
range studied in this work. In line with the theory, the reduc-
tion of coercivity on increasing film thickness has also been
observed in other works.20,37 Thus, the average energy barrier
for the DW movements in LSMO films reduces with the
increasing film thickness, which in turn is responsible for the
increase in the general domain activities; the possible creation
of more domain walls in the thicker LSMO films is consistent
with the observation of stronger magnetic relaxation in the
films with a thickness larger than 135 nm.
On the other hand, the domains in the LSMO films
become larger as the film thickness increases, i.e., the num-
ber of stripe domains per unit length along the X direction
(according to the coordinates in Fig. 1) decreases, implying a
reduction of the total number of the newly created DWs dur-
ing the magnetic relaxation process. Fig. 3(c) shows the data
FIG. 3. (a) Thickness dependence of the total change of magnetization in
LSMO films measured over 150 min. (b) and (c) show the thickness depend-
ence of the average grain size and the number of magnetic domains per unit
length along the X axis (same coordinates as in Fig. 1). The insets in (b) and
(c) show the typical AFM and MFM images, respectively. The scan size is
1 lm 1 lm for all images.
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of average number of DWs per lm vs. the film thickness,
which suggests that such a thickness-dependent effect is
more significant for the samples in the lower thickness range.
Reduction of the film thickness from 135 nm to 50 nm leads
to the appearance of approximately 13 more domains per
lm, whereas the thickness reduction from 325 nm to 135 nm
adds only 5 additional domains. This increase in the number
of DWs is consistent with the observation of enhanced mag-
netic relaxation in the films thinner than 117 nm. The combi-
nation of the two thickness-dependent factors, i.e., the
number of DWs and the variation of the energy barrier for
DW motions, likely leads to the observed non-monotonous
thickness dependence of the magnetization relaxation in
LSMO films (Fig. 3(a)).
To acquire further insights on the thickness dependence
of the magnetic relaxation mechanism in LSMO films, we
measured time-dependent magnetization at different tempera-
tures. Fig. 4(a) shows the temperature dependence of the total
magnetization relaxation, Mðt ¼ 150 minÞ=M0, measured in
the 50 nm and 325 nm LSMO films. The magnitude of mag-
netic relaxation quickly drops as the temperature goes down,
suggesting a thermal activation mechanism of the DW move-
ment. As the temperature reduces, the DWs become more
“frozen” due to the less available thermal energy, causing a
lower attempt frequency and a smaller probability for creating
DWs. This leads to the reduction of total relaxation in the
LSMO films as the measurement temperature goes down.
Furthermore, the temperature dependence of the mag-
netization relaxation in the 50 nm sample exhibits a surpris-
ing effect. As mentioned earlier, the room temperature
magnetization of this thin film reduces initially for a very
short period of time (within 2 min) before the onset of mag-
netization increase over the longer time scale (Fig. 2(a)).
Interestingly, this time-dependent decreasing trend of mag-
netization becomes more significant at temperatures below
250 K (Fig. 4(b)). This could be understood as the result of
the stronger in-plane shape anisotropy of thinner LSMO
films than that of the thicker ones, and the rotation of mag-
netic vectors as well as the thermally activated creation of
DWs becomes very slow at low temperatures.
In summary, our results revealed rich phenomena of
magnetic relaxation in compressively strained ferromagnetic
manganite films. After removal of applied magnetic field, we
directly imaged the time-dependent evolution of magnetic
domains at zero-field using room temperature MFM, and the
creation of additional DWs can be readily correlated with the
observed magnetic relaxation in the SQUID measurements.
These results not only underline the importance of the
time-dependent aspect in the magnetic measurements but
also motivate further studies on the dynamic characteristics
of magnetic domains in ferromagnetic oxide thin films.
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